Cavity formation was investigated in a SiC/SiC composite under multi-ion beam irradiation up to 10 dpa at 1073 K, 1273 K and 1573 K by transmission electron microscopy. The cavity formation behavior of each component of the composite was dependent on the component's grain structure, the helium and/or hydrogen implantation mode, and irradiation temperature. It was found that helium rather than hydrogen is likely to enhance cavity formation or cavity swelling. The contributions of helium and hydrogen to cavity formation in the composite components are discussed in detail.
Introduction
Silicon Carbide (SiC) has been proposed as a candidate structural material for fusion reactor applications due to its low activation and high strength at higher temperatures. SiC/ SiC composites have been developed using advanced SiC fibers to improve their mechanical properties and thermal conductivity. 1, 2) Previous studies have examined the neutron irradiation resistance of SiC/SiC composites, consisting of stoichiometric SiC fibers with a low oxygen content and high crystallinity, such as Hi-Nicalon Type S and Tyranno SA.
3)
1)
The effects of these gaseous elements in SiC are summarized as follows: helium is insoluble in SiC and likely stabilizes vacancy-type clusters produced by displacement damage, thereby enhancing cavity formation. [4] [5] [6] The solubility of hydrogen in SiC is also very low. Hydrogen is trapped at both Si-and C-sites by the displacement damage, where it forms C-H or Si-H. 7) Thermal desorption spectrometry has shown that the mobility of hydrogen in SiC increases above 1073 K. 8) Therefore, hydrogen could potentially enhance cavity formation at temperatures of 1073 K and above, which corresponds to the operating temperature range of a fusion reactor using a SiC/SiC composite. The effects of the simultaneous production of displacement damage, helium and hydrogen in SiC must be known to predict the material's lifetime in the fusion reactor environment. The purpose of this study is to clarify the synergistic effects of He and/or H on cavity formation in the SiC/SiC composite matrix and fiber components.
Experimental
The two-dimensional SiC/SiC composite with Hi-Nicalon Type-S fibers examined in this work was fabricated at Oak Ridge National Laboratory (ORNL).
9) The SiC fiber weaves in the composite were coated with pyrolytic carbon (PyC) by chemical vapor deposition (CVD) to prevent the SiC fiber from uniting with the SiC matrix. The resulting thickness of the PyC coating was approximately 150 nm. The -SiC matrix was deposited onto a SiC fabric lay-up by forced-flow chemical vapor infiltration (FCVI).
Simultaneous multiple ion beam irradiation with Si, He and H was performed in the TIARA (Takasaki Ion Accelerators for Advanced Radiation Application) facility of JAERI (Japan Atomic Energy Research Institute). The accelerated energies were 6.0 MeV for Si 2þ , 1.0 MeV for He þ and 0.34 MeV for H þ . Energy degraders were used to obtain broad depth distributions of He and H along the displacement damage distribution produced by the Si-ion irradiation. Figure 1 shows the calculated depth distribution of the implanted Si, He and H, and the displacement damage Fig. 1 The depth distribution of displacement damage, He, H and Si in SiC calculated using TRIM code. Table 1 shows the mean cavity diameter and the number density of cavities in regions within the SiC matrix and SiC fiber that were irradiated simultaneously.
10)

Results
In all these observations of the SiC/SiC composites, dislocation loops were not observed in the SiC matrix or the SiC fibers. In neutron-irradiated monolithic CVD-SiC, many dislocation loops have been observed, 11) and H. Kishimoto et al. reported the formation of dislocation loops within monolithic CVD-SiC for single-ion beam irradiation. 12) From these previous studies, dislocation loops were thought to form within the SiC matrix and the SiC fiber. However, the fine grain size of the SiC matrix and the SiC fiber compared to the monolithic CVD-SiC and the strong contrast from stacking faults in SiC prevented the imaging of dislocation loops.
Cavities in the SiC matrix (1) Single-irradiation
Figures 2(a), (e) and (i) show the typical microstructure of the Single-irradiated SiC matrix at 1073 K, 1273 K and 1573 K. At 1070 K, cavities were not detected after Singleirradiation. At 1273 K, however, cavities were observed only near the carbon coating layer, ranging to approximately 400 nm, and throughout the irradiation region at 1573 K. Figure 2( Compared to the effects of Triple-irradiation, the number density of cavities increased at 1073 K, and the mean cavity size at 1273 K and 1573 K decreased somewhat, as shown in Table 1 .
(6) Overview of cavity formation in SiC matrix
For the SiC matrix, various results were obtained in response to the irradiation temperature and observed region. The following are summaries of the cavity formation behavior of a SiC matrix:
(a) The observed cavities were located mainly on grain boundaries at 1073 K and 1273 K, as shown in Fig. 2 . Larger cavities were observed at grain boundaries, and smaller cavities were observed at stacking faults at 1573 K. This shows that cavity growth occurred preferentially at the grain boundaries rather than at stacking faults. (b) Cavity formation was observed for Dual He-, Tripleand Triple H Â 10-irradiations at above 1073 K. As shown in Table 1 , the mean cavity diameter at grain boundaries increased with increasing irradiation temperature for the above-mentioned irradiation conditions. The number density of cavities at grain boundaries was higher at 1273 K than at 1073 K, and decreased at 1573 K. The highest number density of cavities occurred in the transgranular region at 1573 K. (c) The shape of the cavities also changed with increasing irradiation temperature; spherical at 1073 K, ovalshaped at 1273 K and extended amoeboid shapes along grain boundaries at 1573 K, as shown in Fig. 2 . The smaller cavities at stacking faults were spherical in shape even at 1573 K.
(7) Non-uniform cavity distribution in SiC matrix
In the ion irradiation experiment, damage and implanted ions have the depth distribution shown in Fig. 1 , and uniform irradiation is received at identical depths. Therefore, the spatial distribution of damage along the direction lateral to the irradiation surface is uniform in the same material. However, non-uniform cavity distribution was observed in the irradiated region of the SiC matrix in this study. The spatial distribution of the cavities in the SiC matrix for Dual He-irradiation at 1073 K, 1273 K and 1573 K is shown in Fig. 4 . The left side of the figures corresponds to the irradiation surface of the specimen. The vertical axis is the distance from the interface of the SiC matrix and the carbon coating layer. Black/white contrast indicates the number density of cavities. The region of cavity formation sites depends on the irradiation temperature. In Fig. 4(a) , cavities were observed only in the dual irradiation region at 1073 K. Figure 4 (b) shows a non-uniform spatial distribution of the cavity number density in the SiC matrix near the carbon coating layer. In the vicinity of the carbon layer, the observed cavity area spreads along the implantation direction. The distance of the cavity formation area outside of the He and H co-implanted area is about 400 nm from the interface between the SiC matrix and the carbon coating layer. This type of cavity distribution was observed for all irradiation conditions at 1273 K, including Single-irradiation, yielding only displacement damage. These results reveal that cavity nucleation in the SiC matrix was enhanced near the carbon coating layer at 1273 K. In Fig. 4(c) , a cavity was observed at 1573 K in the SiC matrix from the irradiation surface to the region of simultaneous irradiation. The cavity number density of He and H co-implanted area was relatively larger than other places, but the spatial distribution in the SiC matrix along the direction lateral to the irradiation surface (Fig. 4(b) ) was not observed up to 1.2 mm from the interphase between the SiC matrix and the carbon coating layer. The enhancement of cavity formation in the SiC matrix near the carbon coating layer at 1273 K can be explained by the following mechanism. Price et al. 14) showed that voids are formed in monolithic CVD-SiC by neutron irradiation above 1523 K and vacancies diffused above 1523 K. At 1273 K, therefore, the diffusivity of vacancies was considered to be lower and visible-size cavities were not formed by Single-irradiation, yielding only displacement damage. However, Uedono et al. 15) used positron annihilation spectroscopy on SiC to show that vacancy-type clusters formed near the surface during ion beam irradiation above 1073 K, and diffused toward the irradiation surface. The interface between the carbon coating layer and the SiC matrix was considered to act as a surface, and surface diffusion was considered to occur. Therefore, vacancy-type clusters near the carbon coating layer might diffuse, coalesce with each other and grow sufficiently to form visible cavities at 1273 K. Cavity formation in the SiC matrix near the carbon coating layer might also be affected by grain size differences produced by the FCVI process near the carbon coating layer, impurities etc.
Similar distributions of cavity number density were obtained in the SiC matrix from the irradiation surface to the region of simultaneous irradiation in whole-irradiation mode at 1573 K. This is because the diffusivity of vacancytype clusters in SiC was considered to be high at 1573 K, enhancing the formation of cavities.
Cavities in the SiC fiber (1) Single-irradiation
Cavities were not observed with Single-irradiation at 1073 K and 1273 K. Cavities were observed homogeneously at 1573 K.
(2) Dual H-irradiation
Cavity formation with Dual H-irradiation was almost the same as that for Single-irradiation, as shown in Table 1 .
(3) Dual He-irradiation
Figures 3(a) and (d) show the typical microstructure of Dual He-irradiated SiC fiber at 1273 K and 1573 K, respectively. Microstructural evolution was not observed at 1073 K and 1273 K, but cavities were observed from the irradiated surface to the simultaneous irradiation region at 1573 K, as shown in Fig. 3 , which was the same behavior as for Singleirradiation at 1573 K.
(4) Triple-irradiation
Cavities were not observed at 1073 K, but small cavities were observed at grain boundaries at 1273 K, a phenomenon not observed for Dual He-irradiation at this temperature ( Fig. 3(b) ). Cavities were observed at 1573 K (Fig. 3(c) ), which was the same behavior as for the Single-and Dual Heirradiations. Cavities were not observed at 1073 K. Cavities were observed in the region of Triple-and Triple H Â 10-irradiation at 1273 K (Figs. 3(b) and (c)), and from the irradiation surface to the region of simultaneous irradiation for all irradiation modes at 1573 K (Figs. 3(e) and (f) ). In the SiC fibers, however, both the diameter and the number (Table 1) , and enhancement of cavity nucleation near the carbon coating layer was not detected at 1273 K, as in the case of the SiC matrix.
Cavities in carbon coating layer
Microstructural changes were not observed in the carbon coating layer under these irradiation conditions. Separation of the carbon coating layer and the SiC matrix or SiC fiber was not observed in any of the samples under these irradiation conditions.
4. Discussion 4.1 Effects of He and H on cavity formation in SiC/SiC composite Enhancement of cavity nucleation was caused by the coexistence of He with displacement damage under these irradiation conditions, and in the region of this coexistence H further enhanced cavity formation at 1073 K and 1273 K.
When He coexisted with displacement damage, He was trapped by vacancies to form He-vacancy clusters, which then became stable and grew to form cavities. The activation energy of this process was considered to be lower than that for forming voids by the migration and accumulation of vacancy-type clusters. Previous work on thermal deposition spectrometry showed that He-interstitials began to migrate above about 773 K. 16) He-vacancy clusters might be formed easily above about 773 K when He is present together with displacement damage. Thus, visible cavities were observed in the SiC matrix for Dual He-irradiation above 1073 K.
In the SiC matrix, significant effects of H on the enhancement of cavity nucleation appeared at 1073 K. H is considered to be trapped at both Si-and C-vacancy sites produced by displacement damage, and might form H 2 molecules, or C-H and Si-H. The C-H and Si-H bonds dissociate at approximately 1073 K and 873 K, respectively. 8) Causey et al. 17) showed that the diffusion coefficient of H decreased with coexisting displacement damage. From those results and the results from this study, it was considered that H diffused and could combine and dissociate, forming Si-H and C-H bonds reversibly, and thereby became stable in the form of molecules or C-H bonds in He cavities and Hevacancy clusters on grain boundaries. Therefore, the effects of H on the enhancement of cavity formation appeared predominantly at the lower temperature, at which the diffusion coefficient of H was relatively lower.
For SiC fibers, cavities were not observed with Dual Heirradiation, but were observed with Triple-and Triple H Â 10-irradiation at 1273 K (Fig. 3) . This indicated that the cavity-formation enhancing effects of the coexistence of H with He and with displacement damage appeared in the SiC fibers at 1273 K. The effects of H were considered to be most noticeable in the region that consisted of small grains. The grain size of the SiC fibers was about 50 nm, which was smaller than that of the SiC matrix (about 500 nm). Moreover, cavity formation was also enhanced by the Triple-and Triple H Â 10-irradiations, compared to the Dual He-irradiation, in the region near the carbon coating layer in the SiC matrix, in which grain size was also relatively smaller (about 100 nm), as shown in Fig. 5 . In Fig. 5(b) , the cavity number density increased mainly in the vicinity of the carbon coating layer.
The effects of H were considered to be related to dangling bonds at the cavity surface and/or at grain boundaries. The smaller the grain, the higher the proportion of dangling bonds. Therefore, the effect of H on the enhancement of cavity formation was most noticeable in regions such as the SiC fiber and the SiC matrix near the carbon coating layer, which consist of small grains. Figure 6 shows the cavity swelling of the SiC matrix calculated using the mean cavity size and the number density of cavities. Helium had a greater effect than H on the enhancement of cavity swelling. This tendency was pronounced with increasing irradiation temperature, but the effect of H on enhancement of cavity swelling appeared for the Triple H Â 10-irradiation at 1073 K. Therefore, when the irradiation temperature of structural materials in a fusion reactor is lower than 1073 K, the effect of H on cavity swelling might be intense.
Swelling and performance of SiC/SC composite under fusion reactor conditions
The effects of microstructural changes in the SiC/SiC composite on mechanical performance under fusion reactor conditions were considered to be as follows. The enhancement of cavity formation in SiC fibers was observed for Triple-and Triple H Â 10-irradiation at 1273 K. The SiC fiber is the primary load-bearing element, and determines the strength of the SiC/SiC composite. At approximately 1273 K, due to the coexistence of H, He and displacement damage, the mechanical properties of SiC/SiC composite might be degraded by cavities at the grain boundaries in the SiC fiber. On the other hand, the compressive stress caused by cavity formation could also result in improved mechanical properties of the composites due to increased friction in the interphase region between the matrix and the fiber. Compared to the microstructural changes of the SiC/SiC composite from irradiation at 1073 K and 1273 K under a fusion reactor environment, which is within the range of the candidate operating temperature, cavity swelling of the SiC matrix up to 10 dpa was enhanced at 1273 K rather than at 1073 K. The swelling of SiC from neutron irradiation, 18) however, was at a minimum at approximately 1273 K due to the recovery of point defects. Therefore, in the fusion reactor environment, where the dose rate is lower than the experimental conditions used in this study, it is possible that the swelling of the SiC matrix is suppressed at approximately 1273 K. Moreover, cavity nucleation was considered to be enhanced at approximately 1073 K far above 10 dpa because cavity nucleation was notably enhanced by the high concentration of H in the SiC matrix at lower temperatures.
Summary
The development of microstructural cavities in an advanced SiC/SiC composite consisting of Hi-Nicalon type-S fibers with a pyrolytic carbon interphase and CVD-SiC matrix, after multi-ion beam irradiation up to 10 dpa at 1073 K, 1273 K and 1573 K were investigated by TEM. The following results were obtained: (1) Cavities were observed mainly at SiC grain boundaries.
The grain boundary is the preferred nucleation site for cavity formation under these experimental conditions. (2) Cavity formation was enhanced with increasing irradiation temperature. Cavity nucleation was enhanced at approximately 1273 K, especially in the part of the SiC matrix near the carbon coating layer. (3) Cavity nucleation in the SiC/SiC composite was enhanced by the coexistence of He and displacement damage. The enhancement of cavity nucleation by H occurred when He and displacement damage were present together, and was notable at 1073 K. (4) The effect of He strongly contributed to cavity swelling up to 10 dpa, in contrast with the effect of H under the experimental conditions used in this study. However, it is possible that the effect of H on cavity swelling is notable under high dose conditions above 10 dpa, that is, high concentrations of H, at lower temperatures.
